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Abstract 
Escherichia coli is a Gram-negative bacteria, commensal in all mammals. However, 
some strains are pathogenic, and responsible for various diseases in humans and animals.  
Fifty-two isolates of E. coli were obtained from mastitic milk collected from dairy cows in 
the northwest region of Portugal (Entre Douro e Minho). The disk diffusion method was used in 
order to evaluate the phenotypic antimicrobial resistance patterns of these isolates; thirty-four 
were resistant to one or more β-lactams. The bacteria exhibited higher resistance rates for 
cephalotin (77.4%), amoxicillin + clavulanic acid (29.6%) and ampicillin (29.3%). 
β-lactams became the focus of this project because the E. coli isolates were particularly 
resistant to this class of antibiotics. Also, these antibiotics are the first choice for the treatment 
of bovine mastitis, particularly when the suspected agent is Escherichia coli, and its relevance 
for both human and animal health worldwide cannot be ignored. E. coli is one of the Gram-
negative bacteria well-known for possessing β-lactamases. β-lactamases are enzymes 
responsible for antimicrobial resistance to β-lactams. 
The presence of 3 genes encoding for β-lactamases was assessed through PCR 
(Polymerase Chain Reaction): blaTEM, blaSHV and blaCTX-M. Four of the isolates tested were 
consistently positive for the presence of the blaTEM gene: isolates number 3376, 3400, 3668 and 
4429. In spite of the guidelines provided by the literature, the optimization of the PCR conditions 
took longer than expected, and the genotypic characterization initially planned had to be 
postponed and will be carried out of this research period, which lasted 16 weeks.  
 
 
 
 
 
 
 
 
 
 
 
iv 
 
 
Abbreviations List 
bp – base pairs 
CLSI – Clinical and Laboratory Standards Institute 
ddNTPs – dideoxynucleoside triphosphates 
DMSO - dimethylsulfoxide 
DNA – deoxyribose nucleic acid 
dNTPs – deoxyribonucleoside triphosphates 
ESBL – extended-spectrum beta-lactamase 
mA - milliampere 
MBLs - metallo-β-lactamases 
MgCl2 – magnesium chloride 
mm - millimetre  
NCBI - National Center for Bioechnology Information 
PBPs – penicillin-binding proteins 
PCR – polymerase chain reaction 
PK – proteinase K 
RNA – ribonucleic acid 
rpm – revolutions/rotations per minute 
s - seconds 
TBE – Tris Borate EDTA 
Tm – melting temperature 
UV – ultraviolet 
V - volt 
 
 
 
 
 
 
v 
 
 
Acknowledgements 
 
First, I would like to thank Professor Gertrude Thompson for accepting me as an intern, for 
giving me the opportunity to learn how scientific research works, for showing me the ropes and 
for believing in me from the very first day I walked in the laboratory. 
I want to thank Sara Marques, for her never-ending patience and for her invaluable help, which 
made this project possible. 
I also would like to thank everyone in the laboratory: Marlene, for her companionship; Eliane, for 
her constant good mood; Carla and André, for the advice and optimism they were able to 
convey when things were not going so smoothly. 
I must thank Professor Paulo Costa, for his kindness and support right before this project 
started. 
To my friends Marta, Rita, Pedro, Jordana: Marta, for being always available and a continuous 
source of support; Rita, for her companionship, even from a distance; Pedro, for comforting me 
during a bad day; Jordana, for always finding a way of helping me out. Thank you all for putting 
up with me! 
I want to thank my family, for all the support not only during this project, but also throughout my 
degree. 
I want to leave a special thank you to Carlos, who convinced me to talk to Professor Gertrude 
Thompson for the first time, which led to my strong interest in scientific research that lasts until 
this day.   
 
 
 
 
 
 
 
 
 
 
vi 
 
 
List of figures, tables and graphs 
 
Figure 1.......................................................................................................................................24 
Figure 2.......................................................................................................................................24 
Figure 3.......................................................................................................................................24 
Figure 4.......................................................................................................................................26 
Figure 5.......................................................................................................................................26 
Figure 6.......................................................................................................................................27 
Figure 7.......................................................................................................................................27 
Figure 8.......................................................................................................................................28 
Figure 9.......................................................................................................................................28 
Figure 10.....................................................................................................................................29 
Figure 11.....................................................................................................................................29 
Figure 12.....................................................................................................................................30 
Figure 13.....................................................................................................................................30 
Figure 14.....................................................................................................................................31 
Figure 15.....................................................................................................................................31 
 
Table 1........................................................................................................................................25 
Table 2........................................................................................................................................25 
Table 3........................................................................................................................................25 
 
Graph 1.......................................................................................................................................26 
 
 
 
 
 
 
 
vii 
 
 
Index 
 
Abstract .............................................................................................................................. iii 
Abbreviations List .............................................................................................................. iv 
Acknowledgements ............................................................................................................ v 
List of figures ..................................................................................................................... vi 
 
1. Introduction and bibliographical review ...................................................................... 1 
1.1. General overview…………………………………………………………………………....1 
1.2. Bovine mastitis.............................................................................................................2 
1.3. Antimicrobial resistance and Public Health concerns..................................................2 
1.4. Antibacterial susceptibility tests…………………………………………………………....2 
1.5. β-lactams…………………………………………………………………………………......3 
1.6. β-lactam resistance………………………………………………………………………….4 
1.7. β-lactamases…………………………………………………………………………………4 
1.8. β-lactam resistance genes……………………………………………………………...….4 
1.9. The origin of antibiotic resistance genes………………………………………………….5 
1.10. Culture media………………………………………………………………………………..5 
1.11. PCR – Polymerase Chain Reaction……………………………………………………….6 
1.12. PCR optimization…………………………………………………………………………….6 
1.13. Gel electrophoresis……………………………………………………………………….....7 
1.14. DNA sequencing………………………………………………………………………….....7 
 
2. Objectives.........................................................................................................................8 
3. Experimental work 
3.1.  Materials and methods ............................................................................................... 9 
3.1.1. Isolates........................................................................................................................9 
3.1.2. Phenotypic characterization........................................................................................9 
3.1.3. DNA extraction............................................................................................................9 
3.1.4. PCR amplification......................................................................................................10 
3.1.5. Gel electrophoresis....................................................................................................12 
3.1.6. DNA sequencing........................................................................................................12 
 
4. Results and discussion .............................................................................................. 13 
4.1. Phenotypic characterization......................................................................................13 
4.2. DNA extraction..........................................................................................................13 
4.3. PCR amplification......................................................................................................13 
4.4. DNA sequencing........................................................................................................15 
 
5. Overall perspective ..................................................................................................... 16 
6. Conclusion................................................................................................................... 17 
7. Future perspectives .................................................................................................... 18 
References ........................................................................................................................ 19 
Appendix ........................................................................................................................... 24 
1 
 
 
1. Introduction and bibliographical review 
 
1.1. General overview 
During the 20th century, an accidental discovery changed people’s lives enormously: the advent 
of antibiotic agents. It became possible to kill infectious agents during a pathologic process, and 
reduce the chances of mortality. However, these “wonder drugs” were not perfect. Soon, their 
effect started to decay, due to the emergence of resistant bacteria (Zinner 2007, Jovetic et al 
2010). 
The excessive use of antibacterial drugs affects the development of the normal flora of an 
organism, eradicating the susceptible bacteria and, therefore, eliminating the competition for 
nutrients, enabling the surviving bacteria (resistant) to develop and spread into the environment. 
Microorganisms carry genes that allow them to develop defensive mechanisms to antibiotics. If 
this resistance is part of the genetic background of a bacterial group, it is called intrinsic or 
inherited resistance. When an organism is identified as belonging to a certain bacterial group, 
some assumptions can be made about its antimicrobial resistance profile, such as the 
resistance to vancomycin exhibited by most Gram-negative bacilli. However, in the occurrence 
of genetic mutations or gene transfer from other organisms, it is called acquired resistance and 
its existence is not associated with any particular bacterial group. The genes encoding for 
antibacterial resistance can be transferred through different bacterial species (Murray et al. 
1999). 
There are several types of antibiotics, grouped according to their mechanism of action. The β-
lactams target the cell wall, which causes lysis of the bacteria and, consequently, its death 
(Willey et al. 2008, Bush 2012). Sulfonamides are analogs of p-aminobenzoic acid (PABA), 
which is used as a precursor of folic acid (folate) by prokaryotic bacteria. Sulfonamides bind to 
the enzyme responsible for folic acid synthesis; the folic acid synthesis is interrupted and the 
bacterium is not able to produce purines or pyrimidines. Quinolones are constituted by the 4-
quinolone ring and inhibit bacterial DNA gyrase and topoisomerase IV, thus inhibiting nucleic 
acid synthesis (Willey et al. 2008, Cambau & Guillard 2012).  All aminoglycosides have a 
common cyclohexane ring and amino sugars. Both aminoglycosides and tetracyclines bind to 
the 30s (small) subunit of ribosomes and interfere with protein synthesis, but while 
aminoglycosides are bactericidal, tetracyclines are bacteriostatic (do not cause direct cell death) 
(Willey et al. 2008, Lambert 2012). 
Escherichia coli is a Gram-negative, rod-shaped bacterial species which is part of the natural 
flora of the intestines of all mammals. However, certain strains are pathogenic, causing 
diseases such as urinary tract infections or diarrhoea (Willey et al. 2008).  
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1.2. Bovine mastitis 
E. coli is commonly isolated in clinical bovine mastitis, whether as the main causative agent or 
in combination with other bacteria. Bovine mastitis caused by E. coli are generally acute and 
often fatal if not treated on time. Consequently, when an animal is suspected of suffering from 
mastitis derived from E. coli, there is a tendency of administering antimicrobials without 
veterinary supervision and/or with no knowledge of the causative agent. This trend is dwindling, 
but it is still common practice in the North-eastern region of Portugal. This excessive use of 
antimicrobial agents promotes the emergence of bacterial resistance to antimicrobial agents. 
Information about antimicrobial resistance patterns in E. coli isolated from bovine mastitis is 
scarce, and this project aims to contribute to this area of knowledge. 
 
1.3. Antimicrobial resistance and Public Health concerns 
Antimicrobial resistance can be transferred from animals to humans through zoonotic infections 
or through transfer of genetic material from animal bacteria to human pathogens (Bywater 
2004). Zoonotic infections may occur by direct contact with infected animals or their faeces, or 
by food products of animal origin (van den Bogaard & Stoberingh 2000, Srinivasan et al. 2007). 
However, the exact impact of antimicrobial resistance of animal origin to antimicrobial 
resistance observed in humans remains unclear (Bywater 2004).   
 
1.4. Antibacterial susceptibility tests 
Antibacterial susceptibility may be assessed through dilution or diffusion testing methods. The 
disk diffusion method was adopted for this project. It is technically simple, does not require 
expensive reagents or equipment and presents a wide variety concerning the selection of the 
antimicrobial agents used for testing (Murray et. al 1999). 
The inoculum may be prepared through incubation in broth or by direct cell suspension from 
overnight growth. Both must be equivalent to 0.5 McFarland turbidity standard. After 
preparation, it is inoculated in Mueller-Hinton agar plates and left incubating at 35±2°C in 
ambient air, for 16 to 18 hours (Murray et. al 1999). The antibiotic present in the disks spreads 
radially, through the agar plate, creating a concentration gradient (Willey et al. 2008). The larger 
the distance from the disk, the lower is the concentration of antibiotic in the agar. After 
incubation, bacterial growth is assessed. The presence of a clear halo surrounding the antibiotic 
disk indicates that no bacterial growth occurred in that area. The clear zone’s diameter (in mm) 
is used as a reference for the bacterium’s susceptibility to a given antimicrobial agent. It is 
important to remark that the diameters detected cannot be used directly to compare the 
efficiency of different antibiotics, because they depend on the antibiotic’s initial concentration, its 
solubility and its diffusion rate through agar (Murray et. al 1999, Willey et al. 2008). 
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Organisms are then classified as susceptible, intermediate or resistant, according to the Clinical 
and Laboratory Standards Institute guidelines (CLSI 2007). “Susceptible” means that a certain 
organism is inhibited by the usual concentration attained in tissues of a determined antibiotic, in 
the recommended dosage. Isolates are classified as “intermediate” if they are inhibited by blood 
or tissue levels of a given antimicrobial agent or if the same agent reaches a higher 
concentration in a specific body site (e.g. in urine). Finally, in “resistant” organisms inhibition to 
an antibiotic is not observed by the levels reached in body tissues. 
 
1.5. β-lactams 
Since penicillin’s discovery in the 1920’s, the β-lactams became one of the most popular and 
developed classes of antibiotics.β-lactams include penicillins (ampicillin, amoxicillin), 
cephalosporins (cefazolin, cephalotin), carbapenems and monobactams (Nordmann 2012). 
Penicillins are constituted by a β-lactam ring bonded to a thiozolidine ring, while cephalosporins 
have the same β-lactam ring attached to a dihydrothiazine ring (Appendix, Figure 1).  Their high 
specificity for the bacterial cell wall, which is restricted to prokaryotes, makes their use safe for 
mammals (Jovetic et al. 2010).  
Carbapenems are the newest β-lactams developed, and, until recently, the only antibiotics of 
this class that were effective against E. coli resistant to the other β-lactams. Therefore, 
carbapenem consumption rose and, with it, carbapenem-resistant bacteria. Although 
carbapenems are a crucial antimicrobial for serious infections, it is only a matter of time before 
they too become outdated (Nordmann 2012). 
All β-lactams have a similar antibacterial mechanism (Jovetic et al. 2010). Peptidoglycan is the 
essential component of the bacterial cell wall. Its synthesis involves several processes which 
will not be described here (Willey et al. 2008). The most relevant step in peptidoglycan 
synthesis for this subject is the final transpeptidation – it is the stage in which the β-lactams 
interfere. Under normal circumstances, the terminal D-alanine is removed by transpeptidases 
and a cross-link between the peptidoglycan chains is formed (Willey et al. 2008, Nordmann et 
al. 2012). However, in the presence of β-lactams, this reaction does not occur. The 
transpeptidases involved in the bacterial cell synthesis, also known as penicillin-binding proteins 
(PBPs), bind to the β-lactam ring instead, and cell wall synthesis is blocked. Peptidoglycan 
precursors accumulate, trigger the autolytic cell wall hydrolases to activate and these will 
degrade the existing peptidoglycan. Since peptidoglycan synthesis is inhibited, the cell wall is 
degraded leading to cell lysis (Babic et al. 2006, Nordmann et al. 2012).  
Clavulanic acid is a product of Streptomyces clavuligerus. In spite of not having a strong 
antibacterial action, clavulanic acid is often associated with β-lactams, because it is able to 
inhibit β-lactamases (Saudagar et al. 2008). 
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1.6. β-lactam resistance 
In Gram-negative bacteria, the main resistance mechanisms against β-lactams consist of 
modification of PBPs, granting low affinity for β-lactam antibiotics; efflux pumps which expel the 
antibiotic out of the bacterium; decreased membrane permeability and production of β-
lactamases (Appendix, Figure 2) (Li et al. 2007, Babic et al. 2006). Of these mechanisms, the 
latter is the major cause of bacterial resistance to β-lactams (Livermore 1995, Bush et al. 1995, 
Li et al. 2007, Babic et al. 2006). 
 
1.7. β-lactamases 
β-lactamases are enzymes that inactivate β-lactam antibiotics by hydrolysis of the  β-lactam ring 
(Appendix, Figure 3) (Bush et al. 1995; Livermore 1995). They are classified based on their 
molecular or functional features. Ambler’s classification (Babic et al. 2006, Bush & Jacoby 2010) 
(Appendix, Table 1) divides β-lactamases into 4 molecular classes: A, B, C and D. Enzymes 
grouped in classes A, C and D use serine at the active site to perform hydrolysis, while class B 
enzymes, also known as metallo-β-lactamases, require at least one zinc ion to perform the 
same reaction. Bush (Bush 1989) categorized β-lactamases according to their substrate and 
inhibitor profiles. This classification has been reviewed, but the fundamental aspects remain 
(Bush & Jacoby 2010). In a much shortened description, group 1 encloses cephalosporinases 
resistant to clavulanic acid, group 2 comprises β-lactamases generally inhibited by clavulanic 
acid, and the metallo-β-lactamases belong to group 3 (Appendix, Table1) (Bush & Jacoby 
2010). 
The term “extended-spectrum β-lactamase” (ESBL) has suffered several changes throughout 
the years (Giske et. al 2009). At present, it is used to define enzymes effective against broad-
spectrum β-lactams and inhibited by clavulanic acid. ESBLs are grouped into major families: 
TEM, SHV, CTX-M and OXA (Bradford 2001; Bush et al. 1995; Jacoby & Munoz-Price 2005). 
In spite of the identification of over 400 β-lactamases to date the information is mainly provided 
by studies of human isolates (http://www.lahey.org/studies/).  
 
1.8. β-lactam resistance genes 
TEM (named after the patient from which it was first isolated, Temoneira) and SHV (sulfhydryl 
reagent variable) are the most common β-lactamases found in Gram-negative bacteria (Poirel 
et al. 2012, Jacoby & Munoz-Price 2005, Livermore 1995). CTX-M, for cefotaximase first 
isolated in Munich, is one of the fastest-spreading β-lactamases worldwide. Its origin is due to 
the species Kluyvera (Poirel et al. 2012, Perez et al. 2007). It is commonly found in Salmonella 
enterica serovar Typhimurium and E. coli (Bradford 2001). Plasmids often contain genes 
encoding for both CTX-M enzymes and TEM enzymes (Bonnet 2004, Li et al. 2007). 
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The β-lactamase-encoding genes that are isolated more frequently from animals are blaTEM, 
blaCTX-M and blaCMY-2 (Li et al. 2010). More studies on β-lactamases of animal farm origin are 
needed. 
 
1.9. The origin of antibiotic resistance genes 
The use and misuse of antibiotic agents is considered the main cause of antimicrobial 
resistance. However, it should be mentioned that it is not its origin. Recent findings suggest that 
antibiotic resistance genes have been members of the microbial gene pool for thousands of 
years, and the number of resistant isolates does not necessarily decrease when it is obtained 
from older samples (Mindlin et al. 2008). The discovery of multidrug resistance in ancient 
bacteria could be explained by horizontal gene transfer among antibiotic-producing bacteria and 
sensitive strains in the environment (Mindlin et al. 2008, Allen et al. 2009, Davies & Davies 
2010). 
 
1.10. Culture media 
Microorganisms have different nutritional requirements; therefore, in order to cultivate a certain 
bacterial species in the laboratory, its necessities in regard to sources of energy, carbon, 
nitrogen and other elements have to be considered. Each culture medium has its own 
composition. Culture media used to grow any type of microorganism are called general purpose 
media or supportive media. However, when the growth of specific bacterial species is desired, 
selective media are used. Selective media have specific components that inhibit the growth of 
certain microorganisms, thus selecting the group of bacteria the researcher wants to grow 
(Willey et al. 2008). 
When a special nutrient is added to a general purpose medium, it is called an “enriched” 
medium. Blood agar is an example of this type of media (Willey et al. 2008).  
MacConkey agar is both a selective and differential medium. Only Gram-negative bacteria are 
able to grow in it, because the bile salts and crystal violet inhibit the growth of Gram-positive 
organisms (Murray et al. 1999, Willey et al. 2008). It also distinguishes between lactose 
fermenting bacteria and non-lactose fermenting bacteria through a pH indicator, neutral red. 
Lactose fermenting colonies, such as E. coli, release acidic products and are bright pink on the 
agar. Non-lactose fermenting colonies like Proteus release ammonia into the medium and are 
colourless (Murray et al. 1999).  
 
1.11. PCR – Polymerase Chain Reaction 
The polymerase chain reaction (PCR) is a technique invented in the early 1980’s that allows the 
generation of large amounts of a specific sequence from a very small sample of DNA - a 
process called amplification (Willey et al. 2008). It comprises different phases. There is an initial 
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denaturation and a final stage of extension, and repeated cycles of denaturation, annealing and 
extension in between. Generally, denaturation occurs at 95°C: the DNA molecule is divided into 
single strands. During the annealing stage, the temperature lowers, which allows the bond 
between primers and both single-stranded DNA molecules (Willey et al. 2008, Videira 2011). 
Primers are molecules constituted by nucleotide sequences, necessary as starting points for 
DNA or RNA synthesis (Willey et al. 2008). The two DNA strands do not anneal to each other 
because the primers are smaller and its concentration in the reaction mixture is higher. Once 
the primers and the DNA strand are binded, the polymerase enzyme is able to synthesize the 
DNA’s target sequences from deoxyribonucleoside triphosphates (dNTPs) present in the 
reaction mixture, a process called extension. This cycle is then repeated about 30 to 40 times. 
In each cycle, every strand of target DNA, original and copied, is used as template for 
synthesis, leading to an exponential increase in the number of target DNA molecules (Willey et 
al. 2008, Videira 2011). 
In order to perform a PCR, several components are needed in its reaction mixture. Besides the 
primers, dNTPs and the polymerase enzyme mentioned above, it is necessary to add a buffer 
for the enzyme, magnesium chloride (MgCl2) and ultrapure water. 
The high denaturation temperatures make the use of thermostable enzymes mandatory. 
Therefore, enzymes able to function at high temperatures are required, usually Taq polymerase 
from the termophilic bacterium Thermus aquaticus or Vent polymerase from Thermococcus 
litoralis (Willey et al. 2008). 
 
1.12. PCR Optimization 
A successful PCR relies on several factors, such as reagents’ concentrations and cycling 
conditions.  When one of these factors is inefficient, it may affect the entire outcome of the 
experience. Magnesium (Mg2+) concentration is one of the most significant aspects for the 
success of a PCR reaction. If present in excess, it might lead to non-specific amplification; if the 
concentration is lower than necessary, the polymerisation activity is reduced (Slack et al. 2011). 
Another important aspect for a well-executed PCR is the annealing temperature used in the 
reaction. Usually, the annealing temperature can be estimated through the calculation of the 
melting temperature (Tm) of the primer-template pairs (Roux 2009). This information might be 
provided by the primer manufacturer, or it might be calculated through several different 
formulas. Other aspects that may jeopardize the results of a PCR test include the percentage of 
guanine-thymine pairs in the DNA sequence, presence of inhibitors, such as phenol or 
proteinase K, the number of cycles performed during the reaction and the primer design. On the 
other hand, enhancing agents such as DMSO (dimethylsulfoxide) or betaine can be added to 
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the reaction mixture in order to improve the test results (Li et al. 2011, Roux 2009, Ralser et al. 
2006). 
 
1.13. Gel electrophoresis 
The main goal of gel electrophoresis is to separate DNA fragments according to their size and 
charge. For this purpose, the gel used is immersed in a small tank with buffer between two 
electrodes (the positive and the negative poles) (Willey et al. 2008, Videira 2011). The migration 
of the fragments is visualized thanks to bromophenol blue, a dye that is added to the samples 
right before loading them into the gel. The samples are loaded into wells in the gel and are 
subjected to an electrical field. The molecules migrate toward the pole of the opposite charge – 
DNA molecules are negatively charged, so, they migrate toward the positive pole. Smaller 
fragments move faster through the gel, and end up further from its origin than heavier 
fragments. It can be executed in agarose or polyacrylamide gels, which must include ethidium 
bromide or other agents that allow DNA bands’ visualization with UV radiation (Willey et al. 
2008, Videira 2011). In order to estimate the size of the fragments in the gel, it is necessary to 
add a molecular weight marker to the gel. This molecular marker is loaded on to the gel at the 
same time as the samples.  
 
1.14. DNA sequencing 
The goal of this technique is to determine the nucleotide sequence of a specific DNA fragment. 
Two different methods were published during the same period, in the late 1970’s: the chain 
termination method, by Sanger, and the chemical degradation method, by Maxam and Gilbert 
(Brown 2002, Nunnally 2005). The Maxam-Gilbert method is based on chemical degradation 
that is reactions specific for each base. It does not require DNA polymerases and can be used 
in both single- and double-stranded DNA. However, Sanger’s method has become more 
popular because it was easier to automate and did not involve the dangerous reagents used in 
the Maxam-Gilbert method (Brown 2002). 
The first step in the method developed by Sanger is to create single strands of DNA. This can 
be achieved through different processes, including PCR (Brown 2002). A DNA polymerase, a 
DNA primer, dNTPs and a buffer are added to the single strands of DNA and this mixture is 
divided into four separate tubes (Nunnally 2005). A small amount of ddNTPs (which lack the 3’ 
hydroxyl group from the deoxyribose sugar) is added to each of the tubes, one ddNTP type for 
each tube. ddNTPs are added into the growing chain as easily as dNTPs, but the missing 3’ 
hydroxyl group does not allow further elongation. Since both dNTPs and ddNTPs are present, 
the DNA strand synthesis does not always end at the same nucleotide position in the template. 
As a result, several strands with different lengths are formed (Brown 2002). Electrophoresis is 
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used to separate each of these newly synthesized DNA molecules according to their molecular 
weight, and each lane is loaded with the content of a different tube. Only one band should 
appear in each position, and the lane it is in matches a specific nucleotide. The sequence is 
read from the bottom (5’ end) to the top of the gel (3’ end) (Brown 2002, Nunnally 2005). 
 
 
 
2. Objectives 
 
The aims of this project were to perform the antimicrobial phenotypic characterization of E. coli 
isolates from bovine mastitis and, after selecting the isolates resistant to one or more of the β-
lactams evaluated, search for genes encoding for β-lactamases: blaTEM, blaSHV and blaCTX-M. 
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3. Experimental work 
 
3.1. Materials and methods 
 
3.1.1. Isolates 
Fifty-two bacterial isolates of E. coli were collected from dairy cows affected with mastitis 
between 2007 and 2009 and are part of a bacterial collection of the Laboratory of Microbiology 
and Infectious Diseases of the Department of Veterinary Clinics, ICBAS (Instituto de Ciências 
Biomédicas Abel Salazar).  
 
3.1.2. Phenotypic characterization 
All 52 isolates were inoculated in 5% sheep blood agar and left incubating at 37°C overnight. A 
direct colony suspension equivalent to a 0.5 MacFarland standard was prepared and inoculated 
in Mueller-Hinton (Merck®) agar plates. The antibiotic-impregnated disks were then placed on 
the agar and the plates were incubated at 37°C overnight. The bacterial isolates were classified 
as susceptible, intermediate or resistant, based on the CLSI (CLSI 2007) guidelines.  
The antibiotics analysed were ampicillin (AM) 10 µg, amoxicillin+clavulanic acid (AMC) 20+10 
µg, cephalotin (CN) 30 µg, cefazolin (CZ) 30 µg, chloramphenicol (C) 30 µg, nitrofurantoin (FM) 
300 µg, gentamicin (GM) 10 µg, kanamycin (K) 30 µg, neomycin (N) 30 µg, nalidixic acid (NA) 
30 µg, tetracycline (Te) 30 µg, trimethoprim+sulfamethoxazole (SXT) 1.25+23.75 µg and 
streptomycin (S) 10 µg.  
 
3.1.3. DNA extraction  
All bacterial isolates were inoculated in MacConkey agar plates and left incubating overnight, at 
37°C.  
 
1) Boiling method 
Bacterial DNA extraction was performed by boiling a 500 µl suspension of several colonies at 
100°C, during 10 minutes, as described in Koo & Woo (2011).  
 
2) Phenol/chloroform/isoamylalcohol protocol 
A total volume of 166 µl of cell suspension in ultrapure water was mixed with 33 µl of 6x PK 
buffer and 5 µl of PK in a microcentrifuge tube and incubated in a water-bath at 56°C for 1 hour. 
Next, 200 µl of phenol/choloroform/isoamylalcohol were added to the tubes. This mixture was 
vortexed, and then centrifuged at 13000 rpm for 10 minutes. After centrifugation, the upper 
phase of the mixture was removed and placed into new microcentrifuge tubes. Two-hundred µl 
of chloroform were added, and the tubes were centrifuged as previously described. Once again, 
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the DNA present in the upper phase of the mix was transferred into another microcentrifuge 
tube. After the addition of 2.5 volumes of 95-100% ethanol and 0.1 volume of NaAc, pH 5.2, the 
tubes were flicked and stored at -20°C overnight. Another step of centrifugation was performed 
at 13000 rpm, this time for 30 minutes. The supernatant was removed and 1 ml of 70% ethanol 
was added. After centrifuging for 10 minutes at 13000 rpm, the ethanol was removed carefully, 
in order to preserve the pellet, and the tubes were left to air-dry. The pellets were resuspended 
in 20-50 µl of ultrapure water.  
 
 DNA quality assessment 
In both methods, DNA quality was always evaluated through gel electrophoresis before being 
used in PCR. 
 
3.1.4. PCR amplification 
PCR reactions were executed in a BioRad C1000® thermal cycler. The primers used are listed 
in Table 2 (Appendix) (Ryu et al. 2012, Obeng et al. 2012, Li et al. 2010, Monstein et al. 2007). 
 
 blaTEM gene  
The first PCR procedure was performed based on the description by Obeng, with some minor 
changes (Obeng et al. 2012). The PCR were performed under initial denaturation for 10 
minutes, 35 cycles of denaturation (95°C, 30 s), annealing (58°C, 30 s), extension (72°C, 1 min) 
and final extension at 72°C for 10 minutes. Each reaction consisted of 2.5 μl of 10x PCR buffer, 
1 μl of dNTPs (10 mM), 2.5 μl of each primer (10 μM), 2 μl of MgCl2 (25 mM), 0.2 μl of 
DreamTaq® polymerase, 2 μl of bacterial DNA and 12.3 μl of ultrapure water, resulting in a 25 
μl reaction mixture. This PCR program suffered several changes throughout this project, 
considering the results obtained through gel electrophoresis. The time used for initial 
denaturation was reduced from 10 to 5 minutes (Appendix Figure 5); the amount of template 
DNA was increased from 2 μl to 5 μl (Appendix Figure 5B); the annealing temperature was 
reduced from 58°C to 56°C, and the number of cycles increased from 35 to 40. At this point, the 
phenol/chloroform/isoamylalcohol protocol became the DNA extraction method used. The 
amount of template DNA was again changed from 5 μl to 2 μl. Isolates that exhibited a strong 
signal were diluted 1:10, while maintaining the 2 μl used previously; the amount of template 
DNA used for the other isolates was increased to 5 μl. The annealing temperature was set 
again to 58°C. 
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 blaSHV gene 
The PCR conditions that were best suited for the blaTEM gene were adopted for this gene: initial 
denaturation at 95°C for 5 minutes, 40 cycles of denaturation (95°C, 30 s), annealing (58°C, 30 
s), extension (72°C, 1 min) and a final extension period of 10 minutes at 72°C. However, this 
program suffered several changes too. The annealing temperature was changed to 60°C 
(Appendix, Figure 9). Then the amount of template DNA was changed from 2 μl instead of 5 μl, 
without visible results (data not shown). 
The only modification to the PCR conditions was the increase of the annealing temperature to 
66°C. No results were observed (data not shown). For the next experiment, a reaction was 
performed with different annealing temperatures: 59°C, 62°C, 67.3°C and 68°C. The extension 
period during cycles was increased by half a minute. No results were observed for any of the 
different temperatures (data not shown). At the same time, a test was made with 54°C as the 
annealing temperature and 2 minutes for extension during cycles. There were no observable 
results (Appendix, Figure 10B). The next reaction was performed with differences in the 
reagents: it was tested with and without MgCl2 in the master mix. The annealing temperature 
was again 54°C (Appendix, Figure 11). Isolates 932 and 3182 were diluted 1:10. 
The next reactions for this gene were performed without MgCl2 while maintaining the 
concentration and quantity of the rest of the reagents (ultrapure water was added until the final 
volume of 25 μl was achieved). The annealing temperature was set to 60°C (Appendix, Figure 
12). Some bands were visible. The experiment was repeated under the same conditions, but 
the sample number 3668 was diluted 1:10. No bands were observed (Appendix, Figure 13). 
Using the same parameters, the isolates were tested without any dilution (Appendix, Figure 
14A). For the next reaction, all of the isolates were diluted 1:10, and both 2 μl and 5 μl of each 
isolate were used. No results were observed (data not shown). 
Next, the reaction was performed under the same conditions, using the same isolates (and one 
extra isolate that had been used previously, but not in the last reactions because there was not 
enough DNA extracted in order to perform the reactions). This time isolates were not diluted, 
and both 2 μl and 5 μl of each isolate was used. (Appendix, Figure 14B). 
 
 
 blaCTX-M gene 
As described for the blaSHV gene, the first few experiments carried out for this gene were based 
on the most successful blaTEM program: initial denaturation at 95°C for 5 minutes, 40 cycles of 
denaturation (95°C, 30 s), annealing (58°C, 30 s), extension (72°C, 1 min) and a final extension 
period of 10 minutes at 72°C. Still, this program was not immune to changes. The annealing 
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temperature was changed to 60°C (Appendix, Figure 9). Then the amount of template DNA was 
changed from 2 μl instead of 5 μl, without visible results (data not shown). 
The annealing temperature was set to 56°C and the extension period was increased from 1 to 2 
minutes (Appendix, Figure 10). The same experiment was reproduced with a slightly lower 
annealing temperature, 54°C (Appendix, Figure 10B). The testing with and without MgCl2 used 
for the SHV gene was also applied for the CTX-M gene (Appendix, Figure 11). In this case, the 
following reactions were performed using the previous MgCl2 concentrations. 
The next step was trying different annealing temperatures for the CTX-M gene: 45°C, 46.9°C, 
50.3°C and 51.9°C (Appendix, Figure 12). Considering the results observed, the annealing 
temperature used was 55°C. Both diluted and non-diluted isolates were tested (Appendix, 
Figure 13). For the next test, the annealing temperature used was 56°C, and only diluted 
isolates were used (Appendix, Figure 14A).  
Next, the same program, with the same isolates with and without dilution were tested 
(Appendix, Figure 14B). 
 
3.1.5. Gel electrophoresis 
PCR products were electrophoresed in a BioRad® PowerPac 300 using agarose 2% gel stained 
with GelRed® (1μl for 25 ml of agarose gel) with 0,5x TBE (Tris Borate EDTA) running buffer. 
Electrophoresis was executed for 45 to 50 minutes at 135 V and 400 mA. The molecular weight 
marker used was Marker 5 (Ф X174/HincII digest) (Appendix Table 3).  BlaTEM and blaSHV 
fragments are expected to be found between the first and the second Marker 5 (M5) fragments, 
because their size is 857 bp (base pairs) and 865 bp, respectively. 593 bp fragments, 
corresponding to blaCTX-M, should be observed between the third and the fourth M5 fragments.   
Gel DNA band patterns were visualized using the BioRad® GelDoc transilluminator. 
 
3.1.6. DNA sequencing 
Two isolates (number 3400 and 4429) with consistently positive results for the presence of the 
blaTEM gene were sent to Macrogen® laboratories for sequencing. 
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4. Results and discussion 
 
4.1. Phenotypic characterization 
Cephalotin (77.4%), amoxicillin + clavulanic acid (29.6%) and ampicillin (29.3%) exhibited the 
highest antimicrobial resistance rates (Appendix, Graph 1). Thirty-four isolates, which showed a 
resistance phenotype to one or more β-lactams, were tested for the presence of the blaTEM, 
blaSHV and blaCTX-M-U genes. 
 
4.2. DNA extraction 
Initially, bacterial DNA extraction was performed using the boiling method. Since the quality of 
the DNA obtained was not satisfactory, DNA extraction was later executed via the proteinase K 
digestion and phenol/chloroform/isoamylalcohol protocol (Appendix, Figure 4). 
 
4.3. PCR amplification 
The primers used on this project were chosen based on previous studies (Ryu et al. 2012, 
Obeng et al. 2012, Li et al. 2010, Monstein et al. 2007) and are listed in Table 2 (Appendix). 
 
 blaTEM gene  
There were no visible bands in the gel of the first PCRs performed (data not shown). This lack 
of results might have been due to the poor quality of the DNA, which was extracted through the 
boiling method, or due to the long initial denaturation period. When this period was reduced, a 
few bands were visible, even with DNA extracted through the boiling method (Appendix, Figure 
5A). The overall quality of the image was poor, so, it was decided to use a larger amount of 
DNA (5 μl instead of 2 μl). The quality of the bands obtained worsened (Appendix, Figure 5B). 
After this, the DNA extraction method used was the phenol/chloroform/isoamylalcohol protocol. 
The differences in the quality of the DNA were significant (Appendix, Figure 4).  
For the next experiment, the isolates used were not the same and the amount of DNA was 2 μl 
(Appendix, Figure 6A). The isolate number 932 showed a very strong signal, so, it was decided 
it would be used 2 μl of a 1:10 dilution for the next experiment. For the other isolates, the 
amount of DNA was altered from 2 μl to 5 μl. The PCR conditions were not changed (Appendix, 
Figure 6B). 
Due to the high signal of primer-dimers, it was decided to increase the annealing temperature to 
58°C. Considering the variety of signals observed for different isolates, the amount of DNA for 
the second experience was redefined: 5μl of DNA was used for the isolates with the weakest 
signal, 2 μl was maintained for the isolates with a positive result and 1 μl was used for isolate 
3376, which had showed a very strong signal before (Appendix, Figure 7A). 
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In order to optimize the results observed in Figure 7A, the same experiment was repeated, 
under the same PCR conditions and total DNA for each isolate. The results obtained were 
different for a few isolates: new bands were observed for 3376, 3182, 3375 and 4876 
(Appendix, Figure 7B). 
The same PCR conditions were used for another set of isolates. The quantity of DNA used is 2 
μl. The master mix of the PCR (MM) is positive, therefore, these results should not be 
considered (data not shown). 
Next, the sample 3376 is diluted 1:10. The amount of DNA was larger for the sample number 
3182 because on the last PCR it was tested it showed a very weak signal, and it had shown a 
strong signal on other PCRs (Appendix, Figure 8). 
All of the isolates were tested, but there were no more positive or doubtful results (data not 
shown). 
 
As mentioned before, both CTX-M- and TEM-enzymes are often found together on plasmids 
(Bonnet 2004, Li et al. 2007). Since there was not a positive control available for these tests, the 
isolates that were positive for the blaTEM gene were used as positive controls to optimize PCR 
parameters for the blaSHV and the blaCTX-M genes. 
 
 blaSHV gene 
The PCR with the conditions that suited best for the blaTEM gene were not successful in this 
essay: no bands were detected (data not shown).  
After performing the annealing temperature gradient, no results were observed for any of the 
different temperatures (data not shown), nor for the reaction executed with 54°C as the 
annealing temperature (Appendix, Figure 10B). 
It was decided to experiment a different approach due to this lack of observable results: 
although the annealing temperature is one of the major factors affecting the success of a PCR 
test, there are several others, such as concentration of MgCl2 (Roux 2009, Slack et al. 2011). 
Considering the obtained with and without MgCl2 results (Appendix, Figure 11), it was decided 
to exclude MgCl2 from the reaction mixture of the blaSHV gene.  
When the annealing temperature was set to 60°C, some bands were visible (Appendix, Figure 
12). 
Using the same parameters, the isolates were tested without any dilution (Appendix, Figure 
14A). It seems there was too much PCR product in the gel, so, for the next reaction, all of the 
isolates were diluted 1:10, and both 2 μl and 5 μl of each sample were used. No results were 
observed (Appendix, Figure 14B). 
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  blaCTX-M gene 
After performing the PCR with the conditions that suited best for the blaTEM gene, no bands were 
detected (data not shown).  
In the first reaction executed independently, some diffuse bands could be observed, but a 
clearer image was necessary (Appendix, Figure 10A). With this purpose in mind, the same 
experiment was reproduced with a slightly lower annealing temperature, 54°C. (Appendix, 
Figure 10B) There seems to be a very light band between the 3rd and 4th M5’s bands. 
When the data of the essay with and without MgCl2 was observed (Appendix, Figure 11), it was 
decided to maintain MgCl2 in the reaction mixture since it provided better results. 
After the execution of the CTX-M gradient program (Appendix, Figure 12), it was observed that, 
the lower the temperature, the higher the amount of primer-dimers formed. For the next 
experiment, it was decided to try 55°C as the annealing temperature. It was tested with diluted 
and non-diluted isolates (Appendix, Figure 13).  
 
4.4. DNA sequencing 
The sequences obtained were aligned using the BioEdit® program and compared with the 
sequences published in the NCBI’s (National Center for Bioechnology Information) database. 
Isolate number 4429 exhibited a 99% identity match with a blaTEM gene identified in E. coli 
(GenBank identification number: JN037848.1). A part of this sequence is presented in the 
Appendix (Figure 15). 
 
The project had to be left in standby due to deadlines concerning the writing of this report.  
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5. Overall perspective 
PCR is the most common technique used to detect genes encoding for β-lactamases. In order 
to identify the presence of these genes, it is necessary to use specific primers for the PCR. 
Primers may be chosen by information available in public databases or may be designed by 
specific software. β-lactamases can be detected as members of a particular family (for example, 
TEM), but this method is not capable of distinguishing between different enzymes of the same 
family, such as TEM-1 and TEM-2 (Bradford 2001). 
For the blaTEM gene, positive results were consistently found in 4 isolates: 3376, 3400, 3668 and 
4429. In spite of following the procedure described in the literature (Obeng et al. 2012), several 
adjustments had to be made in order to obtain better results. The PCR conditions that worked 
the most efficiency were: initial denaturation at 95°C, with 40 cycles of denaturation at 95°C for 
30 seconds, annealing at 58°C during 30 seconds, extension at 72°C for 1 min and final 
extension at 72°C for 10 minutes.  
Both the blaSHV and the blaCTX-M genes were challenging. Even with the use of primers and 
annealing temperatures described previously in the literature, results were hardly consistent. 
Initially, the PCR tests for these genes were paired. However, as it was observed that some 
parameters worked differently for each set of reactions, PCR conditions and reagents’ quantities 
were modified. 
The primers used for detecting the blaSHV gene are referred in several studies (Tribuddharat et 
al. 2007, Lim et al. 2008, Lim et al. 2009, Li et al. 2010, Ferreira et al. 2011, Sana et al. 2011, 
Hamedelnil & Eltayeb 2012). However, the results obtained were quite different. During this 
project, no bands were visible when the PCR conditions were 95°C for 5 minutes, with 40 cycles 
of denaturation at 95°C for 30 seconds, annealing at 54°C for 30 seconds, extension at 72°C for 
1 minute and 30 seconds and a final extension at 72°C for 10 minutes. Considering that the 
annealing temperature is one of the factors that has a greater impact on the success of a PCR, 
and that 55°C was the annealing temperature used in two of these studies (Tribuddharat et al. 
2007, Hamedelnil & Eltayeb 2012), one might conclude that the problem is in the concentration 
of the reagents in the reaction mixture. It is reasonable to consider that the isolates used for this 
test (3182, 932, 3400, 3668) did not harbour the blaSHV gene, but there seems to exist a visible 
band for the isolates 3182 (Appendix, Figure 11) and 3668 (Appendix, Figure 9) in previous 
essays. Interestingly, those essays were both performed under the same PCR conditions: initial 
denaturation at 95°C, 40 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 
30 seconds, extension at 72°C for 1 minute and final extension at 72°C for 10 minutes, which 
are very similar to the conditions described in other studies (Ferreira et al. 2011, Lim et al. 2008, 
Lim et al. 2009, Sana et al. 2011). Nonetheless, results were not always consistent and further 
tests are needed.    
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The primers for blaCTX-M are mentioned in fewer studies, but they still presented successful 
results (Archambault et al. 2006, Gonsalves 2011, Forssten 2009). In these studies, the 
protocols for PCR differ quite a lot. Focusing on the annealing temperature only, it can be 
noticed that it varies from 45°C (Archambault et al. 2006) to 63°C (Gonsalves 2011). In this 
project, there were no observable results when the annealing temperature was set to 45°C nor 
to 60°C; in fact, the best results in this project were obtained when the annealing temperature 
was at 54°C (Appendix Figures 10 and 14A) or 56°C (Appendix, Figure 14B). However, there 
was not a clearly visible band in any of the essays. Further tests are necessary in order to 
assess the best fitting PCR cycling conditions and reagents’ concentrations.   
 
6. Conclusion 
Many PCR parameters may have a negative effect in the outcome of a test. The most important 
are Mg2+ concentrations, buffer pH and cycling conditions. When it comes to the cycling 
conditions, the annealing temperature stands out. Besides these, there are other factors that 
should not be overlooked: the percentage of guanine-thymine pairs in the DNA sequence or in 
the primers, number of cycles, primer design, and presence of inhibitors (Roux 2009, Li et al. 
2011).   
The criteria used to choose the primers for this project were the same for all 3 genes: they had 
been described and used successfully before. Therefore, primer design is not likely a problem in 
this project. The DNA extraction method used for the majority of this project, the proteinase K 
digestion and phenol/chloroform/isoamylalcohol protocol, contain two elements which act as 
inhibitors of PCR. It is possible that some DNA isolates could have been contaminated, which 
would explain why some of the isolates tested were sometimes positive and other times 
negative. The number of cycles is an aspect that might have to be considered in the future for 
the blaSHV and the blaCTX-M genes, since the number of cycles could also have its share of 
responsibilities in the lack of results and all the PCRs for these two genes were performed 
under the same number of cycles, 40 (Roux 2009). 
One of the major difficulties faced during this project was the absence of a positive control. Not 
only are there several factors that have to be considered for the optimization of a PCR 
procedure, but it is also harder to estimate the right combination of parameters without knowing 
for sure if the essay should be positive, or if the positive result is a false positive.  
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7. Future perspectives 
Several concerns arise with the increasing resistance to antimicrobial agents observed in 
pathogenic bacteria. The evolution of antimicrobial resistance occurs much faster than the 
development of new antibiotics (Trémolières et al. 2010). Major pharmaceutical companies no 
longer invest in the research of new antibacterial drugs, due to the lack of financial return. The 
economic crisis also had an impact in this matter, by reducing the monetary support in 
academic research (Piddock 2012). 
There is some room for optimism, however. Some bacteria are revealing susceptibility to older, 
and, consequently, less used antibiotics, which can be re-used; the optimization of clinical 
diagnostic is also very important to avoid unnecessary use of antibiotics, which is considered 
one of the main causes of antimicrobial resistance (Trémolières et al. 2010). 
There are new approaches being developed as alternatives to antibiotics. Some medicinal 
plants act synergistically with antibiotics and it is suspected that they possess efflux pump 
inhibitors, a common antibiotic resistance mechanism found in Gram-negative bacteria (Garvey 
et al. 2011). The small-molecule inhibitors are used to inactivate proteins responsible for 
pathogenic virulence, but they do not interfere with the microorganism’s growth, which means 
there is no selective pressure for resistance (Garrity-Ryan et al. 2010). Bacteriophages are a 
group of viruses capable of infecting bacteria with a high degree of specificity for the bacterial 
species or even strain and they cannot infect mammalian cells. Bacteriophages infect their 
bacterial host, replicate and release 100 to 300 new bacteriophages, which will infect and kill 
more target bacteria. When there are no more target bacteria, bacteriophages stop replication 
and are eventually removed from the human body by normal clearance processes. Phage 
therapy has been used successfully in Eastern Europe and in the former Soviet Union, and it is 
now being considered as an alternative to treat multidrug resistant organisms. However, more 
studies and investment in clinical trials are needed (Mattey & Spencer 2008, Hanlon 2007).  
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Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Structure of β-lactams: penicillins and cephalosporins (adapted from 
http://classroom.sdmesa.edu/eschmid/Lecture18-Microbio.htm ). 
 
Figure 3: Hydrolysis of the β-lactam ring by a β-lactamase (adapted from   
http://www.wiley.com/college/pratt/0471393878/student/activities/bacterial_drug_resistance/index.html ). 
Figure 2: Bacterial β-lactam resistance mechanisms (adapted from 
Nordmann et al. 2012). 
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Table 1: Classification of β-lactamases (adapted from Babic et al. 2006). 
 
Table 2. List of primers used for the amplification of blaTEM, blaSHV and blaCTX-M coding genes.  
Gene Primer Sequence (5’-3’) Size (bp) References 
blaTEM F GAGTATTCAACATTTTCGT 857 Ryu et al. 2012, Obeng et 
al. 2012 R ACCAATGCTTAATCAGTGA 
blaSHV F GGTTATGCGTTATATTCGCC 865 Li et al. 2010 
R TTAGCGTTGCCAGTGCTC 
blaCTX-M-U F ATGTGCAGYACCAGTAARGTKATGGC 593 Monstein et al. 2007 
R TGGGTRAARTARGTSACCAGAAYCAGCGG 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fragment Length (bp) 
1 1057 
2 770 
3 612 
4 495 
5 392 
6A 395 
6B 341 
6C 335 
7A 297 
7B 291 
8 210 
9 162 
10 79 
Table 3. Marker 5 (Ф X174/HincII digest) fragment sizes. 
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Graph 1: The percentages of phenotypic antibiotic resistance of the studied E. coli isolates. 
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Figure 4: DNA gel electrophoresis. The quality of 
DNA using different methods of extraction of E.coli 
isolates  A: boiling method;  
B: phenol/chloroform/isoamylalcohol protocol. 
 
Figure 5: Gel electrophoresis of the blaTEM gene PCR 
amplification. Initial denaturation of the blaTEM gene 
modified from 10 to 5 minutes. A: DNA quantity used was 2μl. 
B: DNA quantity used was 5μl. 
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FM – nitrofurantoin 
S – streptomycin 
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5 μl 2 μl 1 μl 
Figure 6: Gel electrophoresis of the blaTEM gene PCR amplification. The annealing temperature for the blaTEM 
gene set to 56°C. A: Isolate number 932 shows a very strong signal. B: PCR results with the same conditions as in A. 
Isolate number 932 diluted 1:10. 
Figure 7: Gel electrophoresis of the blaTEM gene PCR amplification. PCR results using different DNA concentrations 
and annealing temperature of 58°C for blaTEM gene amplification. A: Bands observed for isolates number 4429 and 3400 
in lanes 3 and 10, respectively. B: New bands are observed for isolates number 3376, 3182, 3375 and 4876 with the same 
PCR conditions as in A. 
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Figure 9: Gel electrophoresis of the blaSHV and blaCTX-M genes PCR amplification.  PCR results of amplification 
with an annealing temperature of 60°C of the genes blaSHV and blaCTX-M. 
8 
9 
SHV CTX-M 
Figure 8: Gel electrophoresis of the blaTEM gene PCR amplification. Isolate number 3376 diluted 1:10 with an 
annealing temperature of 58°C for the blaTEM gene amplification. 
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SHV SHV+MgCl2 
CTX-M+MgCl2 
CTX-M 
Figure 11: Gel electrophoresis of the blaSHV and blaCTX-M genes PCR amplification.  
Comparison between PCRs performed with and without MgCl2 and an annealing temperature of 54°C for the 
blaSHV and the blaCTX-M genes. 
Samples tested with MgCl2 are grouped as “SHV+MgCl2” or “CTX-M+MgCl2”; “SHV” or “CTX-M” identifies 
samples tested without MgCl2. 
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Figure 10: Gel electrophoresis of the blaSHV and blaCTX-M genes PCR amplification.  
A: PCR results of amplification for the gene blaCTX-M using an annealing temperature of 56°C. A 
very light band is observable for isolate number 3376, in lane 2.  
B: The annealing temperature for the amplification of the blaSHV and blaCTX-M genes was set to 
54°C. A very light band is barely visible for isolate number 932, in lane 2. 
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Figure 13: Gel electrophoresis of the blaSHV and blaCTX-M genes PCR amplification. PCR results of 
amplification with an annealing temperature of 55°C for the gene CTX-M and 60°C for the gene SHV. Isolate 
number 3668 was diluted 1:10. 
 
Figure 12: Gel electrophoresis of the blaSHV and blaCTX-M genes PCR amplification.  PCR results for 
the gene SHV with an annealing temperature of 60°C and for the temperature gradient for the gene CTX-M.  
The annealing temperatures for the CTX-M program were, from left to right: 51.9°C, 50.3°C, 46.9°C and 45°C, 
respectively. Samples number 932 and 3182 diluted 1:10.  
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Figure 15: Partial chromatogram (A) and aligned sequences (B) of isolate 4429, using the BioEdit® program. 
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Figure 14: Gel electrophoresis of the blaSHV and blaCTX-M genes PCR amplification.   
PCR results of amplification with an annealing temperature of 56°C for the gene CTX-M and an annealing temperature 
of 60°C for the gene SHV. 
A: The amount of PCR product seems high. 
B: Evaluation of the quantity of DNA that worked best for these PCR programs. 
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